The mechanism of the lethal action of human serum on a rough strain of Escherichia coli was investigated by use of serum with and without lysozyme, in medium of low and high osmotic pressure, with cells radioactively labeled in the peptidoglycan polymer, and by electron microscopy. The results suggested that there are two separate components in the bacterial cell wall that afford structural support for the cell. Lysozyme attacked one of these, the peptidoglycan polymer. Serum damaged the other, which is probably the peripherally located lipopolysaccharide-phospholipid complex. The cell wall damage caused by lysozyme-free serum promptly resulted in cell death under usual conditions. In plasmolyzed cells, however, the wall damage was not lethal, presumably because the membrane of the plasmolyzed cell was protected from secondary lethal changes which otherwise occur.
Serum kills many gram-negative organisms by a reaction requiring antibody against a cell envelope antigen, at least some of the components of the complement system, and possibly other serum factors (20) . Since the discovery of this phenomenon 80 years ago (7) , much has been learned about it, but several important questions remain unanswered or incompletely answered. What is the nature of the lethal event? What serum factors are required for killing? How do serum-resistant gram-negative organisms differ from serum-sensitive ones? What is the role of this immunological system as a host defense against gram-negative infections? With these questions in mind, our studies of the serum bactericidal reaction were initiated. The locus of the bactericidal action of serum on a rough strain of Escherichia coli is the subject of this and the following paper (12) ; the studies focus on the primary lesion caused by the serum factors and the secondary events that result in death of the bacterial cell.
Under the conditions usually employed in studies of the serum bactericidal reaction, the killed bacteria show evidence of both cell wall and cell membrane damage (24, 25) . The sequence of events leading to this end result has not boeen well defined. The results of our experiments indicate that the primary, complement-mediated effect of serum is on the nonpeptidoglycan portion of the bacterial cell wall. This wall damage is not necessarily a lethal event unless lysozyme degrades the peptidoglycan of the wall, or unless secondary damage, presumably to the cell membrance, occurs. These conclusions are based on studies of morphological changes during the reaction as seen by electron microscopy, on studies of the effect of hypertonic medium on the serum bactericidal reaction, on studies of the degradation of specifically labeled peptidoglycan polymer, and, as reported in the following paper, on studies of changes in the compartmentation of enzymes during the serum bactericidal reaction.
MATERIALS AND METHODS
Organisms and cultural conditions. E. coli 200P, a K-12 strain obtained from Boris Magasanik, requires leucine, threonine, and vitamin B, and is cryptic for 3- 30:3) solvent system, and was eluted from the gel with broth. After unlabeled DAP (Nutritional Biochemicals Corp., Cleveland, Ohio) was added to give a final concentration of 15 mg/ml with a specific activity of 7 mc/mmole, the broth was inoculated and the organisms were grown for 18 hr. The stationary-phase cells were washed six times with cold medium before use. To check the specificity of the labeling, the radioactive cells were hydrolyzed for 18 hr in 6 N HCl at 110 C; the HCI was removed by repeated evaporation under reduced pressure. A sample of the hydrolysate was chromatographed in descending fashion on Whatman number 1 paper in both n-butyl alcohol-acetic acid-water (63:10:27) and methanol-water-10 N HClpyridine (80:17.5:2.5:10) solvent systems. In both solvent systems, over 95% of the label was present in the area of authentic meso-or DD-DAP.
Complement sources and antisera. Serum used as the complement source was a pool from several healthy donors. Immediately after collection and multiple absorptions in the cold with heat-killed (80 C for 60 min), saline-washed E. coli 200P, the serum was frozen at -70 C in small portions until use. The absorptions lowered but did not completely remove antibody against the organisms; at dilutions of the absorbed serum greater than 1:5, the addition of specific antiserum or purified antibody was required to effect killing of the bacteria; unabsorbed serum was lethal at greater than a 1:100 dilution without added antiserum.
Lysozyme removal from serum was accomplished by two 15- 
RESULTS
Morphological appearance of serum-killed E. coli. The bacterial cell wall of E. coli 200P as it usually appears, a wavy, amorphous structure with little discernible detail, is shown in Fig. 1 . Figures 2 to 4 show the structural changes that accompany the lethal action of whole serum ( Fig.  2 ) and lysozyme-free serum ( Fig. 3 and 4) .
In whole serum, greater than 99% of the cells are killed and converted from their rod shape into spheroplasts. The residual cell wall assumes a layered structure and is seen as an electronlucent layer sandwiched by two electron-dense layers; the cell membrane appears to be internal to the wall structure ( Fig. 2) . As described by Davis et al. (9), lysozyme-free serum results in the formation of killed rods. Figure 3 shows clearly that the cell wall complex in this situation consists of three rather than two electron-dense layers, as observed previously by Spitznagel in E. coli 0117 (24) .
Lysozyme, therefore, results in degradation of a component of the cell wall that is responsible, at least in part, for the rod shape of this organism. Morphologically, this component appears as an electron-dense layer by electron microscopy. This structure is undoubtedly the peptidoglycan polymer of the cell and most likely is the innermost electron-dense layer of the three layers that comprise the cell wall (10, 18) .
Also of note is the formation of spherules of "membrane" material ( Fig. 4) 1) . Early in our studies of this phenomenon, we observed that cells that had been grown overnight in 0.6 M sucrose were fully sensitive to serum with or without lysozyme, unlike cells that were put into the sucrose-containing medium only shortly before challenge with serum. A representative experiment illustrating this point is shown in Table 2 . This finding by itself is strong evidence that the protective effect of sucrose does not result from inhibition of the complement system, but rather from an effect of the sucrose on the bacteria; this protective effect of sucrose is abolished when the bacteria are grown for a few generations in the sugar.
Thus, it appears that sucrose per se does not inhibit the action of serum on the organisms, but in the absence of lysozyme this action of serum is not lethal for plasmolyzed bacteria. Lysozyme by itself does not kill E. coli under these conditions. Even in sucrose, however, the serum-mediated damage and the lysozymeinduced peptidoglycan degradation result in irreversible disorientation of the cell wall structure; i.e., spheroplast formation. Hence, these observations suggest that the serum-mediated lesion involves the bacterial cell wall and that, in the absence of lysozyme, plasmolysis prevents subsequent lethal changes from occurring.
Plasmolysis can be reversed by dilution of the medium to lower the osmotic pressure. Also, since sucrose enters the cell slowly by a respiratory-linked process (17) , plasmolysis gradually decays in the presence of serum or other suitable energy sources. This reversal of plasmolysis does not occur at 4 C or in the absence of an energy source. Similarly, although hypertonic sucrose markedly delays the bactericidal action of lysozyme-free serum, the inhibition gradually decays. To define further the relation between plasmolysis and the bactericidal effect of serum, the kinetics of the lethal action of lysozyme-free serum in 0.6 M sucrose were correlated with the state of plasmolysis of E. coli (Table 3 ). The degree of plasmolysis, rated as 0 to 3+, was determined by electron microscopy on samples removed and fixed at the times indicated. Figure 6 shows the same plasmolyzed cells shown in Fig. 5 , 90 min after addition of heat-inactivated serum; the bacteria show no evidence of plasmolysis and were graded 0, whereas the cells in Fig. 5 were graded 3+. In the experiment presented in Table  3 , the delayed lethal action of the serum in sucrose is clear as is the temporal association of the lethal event with the reversal of plasmolysis. It is tempting to suggest that the process of plasmolysis confers resistance upon the bacteria to the lethal action of lysozyme-free serum. Figure 7 shows E. coli 200P cells, from the experiment presented in Table 2 , that were grown in the presence of 0.6 M sucrose, washed, resuspended in 0.6 M sucrose, and then sampled for electron microscopy before the addition of serum. These cells show only minimal plasmolysis (1+) and are sensitive to the serum bactericidal reaction, again confirming the inverse relationship between plasmolysis and serum sensitivity.
Role of peptidoglycan in the bactericidal reaction. The peptidoglycan polymer of the cell wall was radioactively labeled with 3H-DAP, as described above, in order to follow the fate of this structure during the bactericidal reaction and to further evaluate its role in cell morphology.
After the labeled cells were treated as shown in Table 4 Fig. 5 in that they were grown in the presence of 0.6 mf sucrose. Only minimal plasmolysis occurred. X 27,000. these conditions, lysozyme, which by itself has no effect on the viability or the rod shape of the bacteria, often produces greater than 50% release of label and, hence, degradation of peptidoglycan polymer.
It should be noted that measurements of radioactivity released into the supernatant fluid may significantly underestimate the degree of depolymerization of the peptidoglycan polymer or the functional importance of the lysozyme action. (11) .
In Table 6 , the results of an experiment are presented in which the bacteria were exposed to lysozyme-free serum, collected by centrifugation, and resuspended in the initial medium containing lysozyme but not serum. The E. coli cells that were protected from the bactericidal reaction by sucrose were killed by the subsequent addition of lysozyme alone, whereas control cells were much less affected. In addition, many of the bacteria pretreated with lysozyme-free serum were subsequently converted into spheroplasts after exposure to the lysozyme. The experiments tabulated in Tables 5 and 6 suggest that sequential damage to the two supporting structures of the cell wall is lethal, whereas damage to one or the other can be tolerated under certain conditions.
DISCUSSION
The cell walls of Enterobacteriaceae are complex structures consisting of several components. Peptidoglycan, which is responsible for the rigidity of gram-positive bacteria, appears to share this responsibility with more peripheral wall components in gram-negative bacteria (8, 26) . With bacteria labeled specifically with 3H-DAP, a label that is restricted to the peptidoglycan polymer, extensive degradation caused by lysozyme is observed with no effect on the rod shape of the organisms. Spheroplast formation occurs only after addition of the lysozymefree serum which further damages the cell wall structures. On the other hand, the wall damage caused by lysozyme-free serum alone does not result in spheroplast formation unless lysozyme is added previously, simultaneously, or subsequently.
The supportive role of these two components of the bacterial cell wall probably varies in different organisms and in the same organism under different conditions. EDTA, which affects the functional integrity of the lipopolysaccharide (LPS) while having no known action on peptidoglycan, causes spheroplasting or lysis of some Pseudomonas (27) organisms but not of most strains of E. coli. On the other hand, lysozyme alone does not affect the rod shape of stationaryphase E. coli but at times causes spheroplast formation from growing organisms (4) which apparently have defects at areas of new cell wall synthesis.
The identity of the more peripheral component of the cell wall important for structure is not definite. However, the evidence strongly points to an LPS-phospholipid complex. Work et al. have shown that LPS is associated with large amounts of phosphatidylethanolamine (PE); when they are overproduced during conditions of unbalanced growth, the complex is excreted into the medium and assumes the form of spherules or layers of materials with a "unit membrane" structure (15) . Rothfield found that in vitro LPS associates with PE resulting in similar membrane layers or spherules (21) . It appears likely that the two outer dense layers of the cell wall represent this LPS-PE complex. The recent demonstration (22) that phospholipases weaken the walls of gram-negative organisms strongly (23) . Since PE is an important component ofthe gram-negative bacterial cell wall in association with the LPS, the LPS-PE complex appears to be a likely target of the complement-mediated wall damage. The observation that membranous blebs are released from E. coli cells whose walls are damaged by lysozyme-free serum is consistent with this; these blebs are morphologically similar to those identified by Knox et al. (15) as the LPS-PE complex. In association with this bleb formation, a definite lamellar pattern can be discerned in the wall of the lysozyme-free serumtreated cells; this pattern replaces the wavy wall structure seen in the untreated cells. One explanation for this is that the LPS-PE complex is usually a redundant structure and release into the medium yields a tighter envelope in which the lamellar structure can be seen.
This study confirms that cell wall damage caused by serum occurs in the absence of lysozyme. It is clear that this damage is not necessarily lethal if one creates conditions, such as plasmolysis, to protect bacteria from the lethal secondary changes that usually occur. By elegant electron microscopic techniques, Bayer has demonstrated that, under the usual conditions in which the cytoplasm of the bacterial cell is hypertonic with respect to the medium, the cell membrane exerts pressure on the wall, and weakening of the wall by a variety of techniques results in protrusion of the cell membrane through the wall and the subsequent loss of viability (2, 3) . If this type of passive secondary membrane damage, following the primary action of complement on the cell wall, is responsible for the lethal action of the lysozyme-free serum, then the reason for the protective effect of hypertonic medium becomes clear. Evidence in support of this hypothesis is presented in the following paper.
By use of electron microscopy, Bladen et al. (5, 6) have shown what may actually be physical holes or pits in the bacterial surface and in isolated LPS after treatment with serum. We have seen similar "holes," but at the present time one must be cautious about interpreting such a phenomenon, as pointed out by Humphrey et al. (14) . Even if they are actual holes, they may only represent superficial holes in layers of lipid adsorbed from the complement source onto the cell surface.
